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ABSTRACT
The effect of high molecular weight carboxylate ligands as
compared to naphthenate ligands on the effectiveness of transition
metals as additives for reducing soot particulates was studied in
the combustion of diesel fuel and distillate fuel oil by use of a
laboratory scale burner.

A mechanism involving pseudoheterogenous

catalytic reactions is proposed.

A simple system to evaluate fuel

additives by burning only a few milliliters of oil was designed,
developed, and used.

Polybutene with an average molecular weight

of 920 was the raw material in this study.

The polymer was oxidized

with KMn0 4 to the corresponding acid from whose potassium salt the
transition metal-polymer complex was obtained. Special treatments
were required during the synthesis because of unique viscosity
and solubility properties exhibited by the polymer.

The oxidation

was carried out in the presence of dicyclohexane 18-crown-6 ether
as a phase transfer catalyst.
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INTRODUCTION
The study of combustion .and its emissions has been the subject
matter of many research studies during this century.

Earlier

investigations were more concerned with studying the adhesion and
build-up of deposits on heat-transfer surfaces.

The goals of these

studies were concerned with reducing corrosion, increasing heat
transfer, and the creation of more efficient gas flows.

In recent

years there has been a significant shift in the objectives of such
studies because of an increase in stricter government regulations
concerning combustion emissions such as

so 3 ,

N0 2 , CO, and polycyclic

aromatic compounds, and more recently, the formation of carbonaceous
particulates.

Interest in reducing carbonaceous particulates has

also been prompted because it reflects inefficient fuel combustion
and with the rise in fuel price in recent years, there has been an
attempt to reduce fuel costs by increasing combustion efficiency.
In order to develop a catalyst to both reduce soot and improve
combustion, it is necessary to understand what the composition of
soot is and the mechanism for its formation in flames.
Soot Composition

1

Carbon particulates, observed under an electron microscope,
consist of tiny spherical particles with a relatively consistent
diameter of 100-500 A. 1 ' 2 A more detailed examination under X-ray
1

2

analysis, shows that each particulate is composed of thousands of
crystallites and the crystallites, under electron diffraction, show
sheets of carbon atoms similar to the structure of graphite 3 of the
type shown in Fig. r. 4

Figure I.

Circumanthracene,

c40 H16 .

Chemical analysis of soot shows that it consists of elements
other than just carbon.

It contains about 1% hydrogen which

corresponds to approximately one hydrogen atom for every eight
carbon atoms. 1 ' 2 Polycyclic organic matter up to 3% by weight
has also been found. 5
Lindsay 6 collected soot samples from the combustion of sixteen
different hydrocarbons and extracted them with cyclohexane.

After

analysis of the extracts, eleven· polycyclic compounds were identified
as being present ~n almost all of the samples.

Some of the compounds

found were acenaphthylene, fluorene, phenanthrene, antracene, pyrene,
fluoranthene, 1,2-benzanthracene, 1,2-benzpyrene, 3,4-benzpyrene,
anthanthrene, and coronene.

3

Combustion and Soot Formation Mechanisms
The combustion mechanism is a very complex process, especially
because the fuels that are used in commercial operations are a
mixture of hundreds of compounds with many different physical and
chemical properties, and each compound undergoes many reactions as
it moves through a high temperature gradient in the flame.
In addition to carbon dioxide, carbon monoxide, and water,
hydroxyl radicals (OH) have been extensively reported to be present
in flames and have been reported to be one of the more important
Other radicals such as C, c2 ,
, CH, CHO, and HCHO have also been reported. 7 - 11 In addition,

species in the combustion process.

c3

other minor species containing more than one carbon atom have been
reported.

Some of them are considered to play an important role in
combustion mechanisms and others, such as c2 , 12 have been reported
as carbon precursors.
Oxidation reactions in the flame can roughly be represented
by the following scheme. 13
l.

CH 4

2.

CH 3

0, H, or OH

CH 3

0, H, or OH

3.

4.

HCHO

0 or 02

HC0

0 or 02

co

1

+

OH

>

CH 3

>

HCHO

>

HCO

co
> . co
>

>

H+

co 2

4

The same problems present in /the elucidation of the oxidation
mechanism in flames are found in the elucidation of the mechanism
for carbon formation.

Even though soot formation involves three

steps, nucleation, growth, and agglomeration, most of the studies
have concentrated on the nucleation and the formation of the carbon
precursor.
As was mentioned earlier, c has been reported as the carbon
2
precursor, but this suggestion has been questioned by Ferguson 14
who studied the composition of soot from the combustion of propane2-13c.

His finding indicates that carbon does not arise from a

two-carbon fragment.

He also presents serious objections to the

Bondovard reaction.
2CO

>

c(s) + C02

because very little 13 c was found in carbon emissions when 13 co
was added to the combustion of propane.
Weinberg 15 shows a relationship between positive ions and
carbon particulates in the combustion process.

He found by the

application of an electric field to flames that carbon particles
acquire a positive charge during nucleation.

This observation

seems to be consistent with the observed increase of soot formation
when cations of scdium, potassium, and cesium are added to the
flame. 16
Some intere·sting observations on soot formation have been
reported by Parker and Wolhard. 17 They reported seeing liquid
droplets in the gas phase before the high temperature zone of the

5

flame.

When these droplets traversed the flame, they emerged as

solid carbon particulates.

They proposed that polymerization by

pyrolysis takes place in the flame until very large molecules
condense as small droplets with a nucleus of graphite.

The nucleus

grows when hydrogen is eliminated in the flame to produce the carbon
particulate.

The presence of droplets in the flame is also supported
by other studies. 3 However, other investigators lB,l 9 do not believe

that polymerization-dehydrogenation and pyrolysis processes alone
are responsible for carbon precursors because of the presence of
some oxygenated groups such as hydroxyl and carbonyl in soot
particulates.

They have also given strong criticism to all previous

publications regarding the mechanism of soot formation that do not
consider reactions in which oxygen intervenes.
Carbon formation is also visualized as being a function of
the thermal stability of the fuel . 20 A stable compound such as
methane will decompose only in the high temperature region of the
flame where carbon particulates supposedly do not form.

On the

other hand, much less stable molecules such as acetylene will
decompose to C and H2 in the cool region of the flame.
Because -of the fact that almost all hydrocarbons on pyrolysis
yield acetylene, it has been suggested by many investigations 21 - 24
that acetylene is the main precursor of species from incomplete
combustion, which is attributed to its low thermal stability where
it breaks easily into hydrogen and solid carbon.

6

A scheme of carbon formation by acetylene is shown in Fig. II.
Acetylene

R·-reactions
with c2H and

>

addition of c2H2
and polyacetylene

Polyacetylene

~~~--=--~~--=~~->

C2H3
Polycyclic aromatic hydrocarbons

Small soot particles
Figure II.

more additions

more additions

~~~~~~~~~>

large soot particles

Carbon formation mechanism by acetylene. 25

The radical reaction scheme does not agree with another proposa1 36
where a molecular rather than a radical mechanism is suggested in
ethylene pyrolysis.
Benzene has also been strongly proposed as a carbon precursor.17,23

The scheme for carbon formation from benzene can
be represented as follows. 27

. 0
0
I

0

7
4

Strehlow

/

agrees that soot is an aggregate of very large

polybenzenoid free radicals, where his proposed mechanism is
represented as follows:
l.
2.
3.

4.

Hydrocarbons

cracking> · small hydrocarbon radicals
gg...,_l_o_m_e_r_a_t_i_o_n > larger conjugated bond radicals + H
Small radicals _a__
2
Conjugated radicals Diels-Alder.
> large polybenzenoid radicals
type reaction
Polybenzenoid radicals agglomeration> soot particles

The relationship between soot-forming tendency and fuel molecular
structure has also been extensively studied. Wood and Samuelson 28
found that the addition of a ring compound such as 1-methylnaphthalene
to isooctane fuel increased substantially the production of soot in
a turbulent, recirculating model laboratory combustor. Himes and
co-workers 29 studied the chemical and physical properties of soot
as a function of fuel molecular structure.

They found that the

increase of higher molecular weight polycyclic aromatics in the
swirl-stabilized combustor is directly related to the molecular
complexity of the fuel (ring compounds). · Bowden and Pearson 30
reported that the tendency to soot formation in a turbulent spray
diffusion flame is related to the overall C:H ratio of the fuel;
where the presence of aromatic compounds such as naphthalene and
tetralins in the fuel are considered to be primarily responsible
for soot formation.

They propose that the soot formation mechanism

involves "aromatic rings as nuclei upon which reactive fragments
may be stabilized".
The tendency to form soot in a smoke lamp has been shown to be

8

in the following order:

paraffins

>

naphthenes

olefins

>

>

monocyclic

aromatic >polycyclic aromatic.
Glassman 31 reports that the soot tendency in diffusion flames
decreases in the order:

naphthalenes

diolefins > mono-olefins

>

>

benzenes

>

acetylenes >

paraffins.

However, for premixed flames the tendency is different and is
as follows:
>

naphthalenes > benzenes >alcohols > paraffins

>

olefins

aldehydes >acetylenes.

How to Reduce Soot?
It is popularly known that soot from combustion can be reduced
by using excess air and/or burning the fuel at higher temperatures.
However, the use of excess air is not economical because of the
cooling effect produced by the excess air in the form of sensible
heat carried off by it.
A review of the literature indicates that in order to reduce
soot formation, one or more of the following requirements

must be

fulfilled.
1.

Produce species or conditions that inhibit formation of the

carbon precursor.
2.

Produce species or conditions that destroy the carbon precursor.

3.

Produce speci e1s or conditions that inhibit carbon nucleation.

4.

Produce species or conditions that oxidize carbon nuclei.

5.

Produce species or conditions that inhibit carbon particle growth.

6.

Produce species or conditions that are generally related to

oxidation reactions in flames.

9

Different ways have been studied and used to reduce the amount
of soot formed during combustion.

Some of them involve changing the

physical conditions of the flame whereas others involve the use of
additives.
In apparent contradiction to some of the above staterrents,
molecular oxygen has been reported as a polymerization-dehydrogenation
promotor. 9 It has also been proved that at lower air pressures the
tendency for soot formation is decreased. 17 , 32
diluents such as

The use of inert

co 2 ,

N2 , steam, etc. is thought to create the same
effect by lowering the partial pressure of the components of the
flame. 5 ,l 6 ,l 8 , 33 Water/fuel emulsions have also been used to reduce
soot. 34 The effect of water in fuel might be the same as that of
inert gaseous diluents.

This effect is also achieved by recycling

flue gas to the boiler as has been used extensively to control carbon
emissions.

From these findings arises the following question:

does

high oxygen concentration lead to increased carbon production in
flames? In fact, that is what Whelan 1 concludes. Glassman 16
suggests that the effect of diluents results primarily from the
lowering of the rates of nucleation reactions by lowering the partial
pressure of the precursor reactants where the precursor reactant is
not specified.
Fuel and

fl~rre

additives, specifically metal-based additives,

are universally used in boilers to improve combustion and to reduce
soot production.

The most commonly used metals are alkaline-earths

(Ca, Ba, etc.) and transition metals (Fe, Mn, Co, etc.) salts.
of the different properties of these two groups of metals, it is

Because
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·believed that they act in different ways.

It has been suggested that

alkaline earth metals increase the amount of hydroxyl radicals by
dissociation of water 34 - 36 according to the following mechanism:
1.

M + H20
MOH + H20

2.

MOH + H

>
>

H + H20

>"

H + 02

>

M (OH) 2 + H
OH + H2

OH + 0

the hydroxyl radicals then oxidize the carbon precursor to prevent
nucleation:
C + OH - - >

co + OH

-->

CO + H

co2 + H

The role of hydroxyl radicals in promoting the burning of carbon is
supported by Fenimore and Jones. 38
The effect of transition metals in reducing soot formation
is attributed to their intrinsic oxidation properties or their
"catalytic enhancement of the carbon burnout in the fly ash".~ 5 ·
A

29
. 1 mec h an1sm
.
typ1ca
can

be

expresse d as:

Soot Suppressant Additive Evaluation
Qualitative observations on the effectiveness of soot suppressant
additives are numerous, but "relatively few quantitative data are
availa.ble from experimental investigations in which conditions are
well defined and in which emissions are rreasured 11 • 39 This could be
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due to the fact that luminosity, thickness of soot deposits, and
flame height at which soot formation starts have been \·-Jidely used
as a quantitative measure of carbon formation tendencies of fuels.
The reason for their use is that these methods are simple.

Other

additive evaluations have been carried out in nonnal boiler operations
where total collection of soot is impossible.
It has been argued 2 that the flame height at which soot
formation starts is the most convenient measure of the tendency
of the fuel to form carbon. However, serious objections have been
stated by Himes 29 about the validity of such methods as the ASTM
smoke point test when this method was compared with gravimetric
results obtained from the burning of turbine fuels. Kiele 40
preferred to

the thickness of deposits of soot in a boiler
after 48 hours of burning fuel oil. Gollaballi and co-workers 34
conside~

determined the particle concentration as a volumetric concentration
by measuring the attenuation of a helium-neon laser beam (wave
length 0.633 µm) crossing the flame normal to the axis.
Very little combustion additive evaluation has been

perf~Yi.led

by collecting all of the particulates produced by the combustion
process, and no reports have been found where fuel oil additives
are evaluated in the manner used ·in this study.
Proposal
As was shown earlier there are many suggestions about the
mechanism of fuel conDustion processes, especially about the
oxidation reactions and the fonnation of carbonaceous particulates,
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and in fact"··. only a rash man would venture a definitive choice
between these mechanisms., . 11 • 1 Even though some reports suggest
that carbon precursor and/or nucleation occurs upstream and/or
during the flame, we believe that the main step in the formation
of soot occurs downstream of the flame where both low concentrations
of oxygen and low temperatures are not suitable conditions for
oxidation of carbon precursors previously formed, and therefore,
favor the formation of additional carbon precursors and nucleation.
Our proposal will also be based on the fact that combustion is not
a 100% homogeneous process, the the inhomogeneity increases with
the nature of the fuel (gas <gasoline <distillate oil <heavy
oil

<coal)~

and that the formation of soot might occur in zones
where fuel-air mixtures are not homogeneous. 41
Heterogeneous reactions have been found to occur in the
nucleation and growth of particulates and have been found to be
affected by heterogeneous catalytic surfaces.

Heterogeneous

reactions might also be expected in the action of some metal-based
additives.

This is because of the very low metal concentrations

required in comparison with their effect on the efficiency of the
combustion and the reduction of soot formation.

The metal is

generally added to the fuel as a· metal-naphthenate complex.

Metal-

naphthenate complexes .whose general formula is shown in Fig . . II
have been extensively used as soot suppressant additives.

The

volati·lity of the naphthenate molecule allows for the transportation
of the metal from the liquid phase to the gas phase (where its
' action is supposedly required) in the flame.

13

[
0

(CH2)nCOO

L
M

(n = 0, 1, or 2 and x =the oxidation state of metal)
Fiqure III. General structure of a metal naphthenate complex.
Because we believe the formation of soot and many products from
incomplete combustion occur in the downstream portion of the flame,
the volatility of the naphthenate could be inhibiting the full
effectiveness of the metal since its action would be restricted to
a very short time in the early stages of the flame.

For that

reason, we began to consider a means of keeping the metal in the
flame, or. better, on the surface of the fuel drops undergoing
combustion until all the fuel has been burne'd,

In order to

accomplish this, a high molecular weight iigand is required.
Fatty acids could possibly be considered as a candidate, but
they were not our first choice for two reasons.

First, they are

not available in a wide range of molecular weights, and second,
they have a tendency to carbonize when decomposed.

However, fatty
acids have been us~d as metallic fuel additive ligands, 42 but no
specific information could be found concerning their effectiveness.
Our first choice of a high molecular weight ligand was to use
an acid synthesized from polyisobutene with an average molecular
weight of about 1000.

This raw material was selected because

14

its volatility is low enough to ensure that it will remain in the
liquid phase until all the fuel is volatilized, and it decomposes
completely at high temperatures to isobutylene without forming
.
43 44
carbonaceous particulates.
'

EXPERIMENTAL PROCEDURE
Metal Polymer Synthesis
A.

From potassium salts

0.100 mole of polybutene with an average molecular weight of about
1000 and 1 g (2.7 x 10- 3 mole) of dicyclohexane 18-crown-6 ether were
diluted in 100 ml of benzene in a 500 ml Erlenmeyer flask.

8.43

g

(0.0533 mole) of l<Mn0 4 in 100 ml of water was added to the flask and
the mixture was allowed to react for 72 hours at room temperature.
The mixture was then added to a separatory funnel and the aqueous phase
containing most of the t1no 2 was eliminated. The remaining Mn0 2
contained in the organic phase was eliminated by washing with concentrated HCl.

After the HCl treatment, the solution was washed with

water until the aqueous phase was neutral to litmus paper.
complete washing, the solution exhibited a light

yello~1

After

color.

The organic phase was poured into a 250 ml Erlenmeyer flask and
1 g of KOH in 20 ml of 95% ethanol was added.
removed by heating under vacuum.
and the solution was filtered.

The solvents were

The residue was dissolved in hexane
After evaporation of hexane from the

filtrate, a saturated aqueous solution of the metal salt to be
I

complexed (0.01 mole of metal) was added and the mixture was allowed
to react at 80-90°C overnight.
The ·product was dried, diluted with hexane, and filtered with
15

16

subsequent removal of the hexane by evaporation.

The final product

was very viscous and its color was typical of the metal salt present.
B.

Direct reaction of the acid

The procedure described in
acid in benzene.

11

A was followed for generation of the
11

The solvent was removed and 0.87 g (0.01 mole) of

Mn0 2 was added to the remaining acid.
100-150°c for 72 hours.

The mixture was heated at

After heating, the mixture was cooled, diluted

with hexane and filtered.

The hexane was removed by evaporation.

Product Characterization
In order to detennine if the acid complex of the metal was
obtained, infrared spectra were obtained for all products.

This was
done to observe the shift of the carbonyl group band from 1700 cm- 1 ,

which corresponds to a free acid, to about 1550 cm-l for the metal salt.
,The number of acid equivalents per mole of converted polymer was
determined.

The procedure was as follows:

about 1 g of the acid was

diluted in 10 ml of toluene, then 10 ml of amyl alcohol and 10 ml of
isopropyl alcohol were added.

To this mixture was added 10 ml of

standard solution of KOH (about 0.2 N) in 95% ethanol and the mixture
was refluxed for 2-3 hours.

After heating the mixture was cooled and

a small amount of water was added to fonn a two-phase system.

The

potassium hydroxide iin excess was then titrated with a standard (about
0.1 N) HCl solution using Th)tmol blue as an indicator. The accuracy
of the method was determined by using about 1 x 10- 3 mole of stearic
acid in place of the polymer.

The number of acid equivalents and

percent of acid in the sample were calculated as follows:

17

Acid equiv. in sample

=

equiv. of KOH added - equiv. KOH excess

= (V x N)KOH sol. - (V x N)HCl sol.
=x
Acid equiv/mole of acid

= X x MW sample
g sample

=y
Where MW is the average molecular weight of the polymer.
Then % acid equiv. in sample

=

Y x 100

=z
Metal content in the reaction product was determined
atomic

absorption spectroscopy.

by

using

The results were compared \'Jith

the expected metal concentration which was calculated

by

the

formula:
Theoretical metal percent

A x Z
n x 'M'W +A

= ~~-

Where A is the atomic weight of the metal,
n is the expected oxidation state of the metal.
Metal-Polymer Additive Evaluation
The combustion testing system is shown in Fig. IV.

A typical

run consisted of turning the oven on and bringing it to a temperature
of

aoo 0 c

before injecting fuel with the syringe p~mp.

The oil and

air flow rates were adjusted so that a measurable quantity of soot
was produced.

18

Gas samples were taken by means of a glass tube (see 8, Fig. IV)
introduced into the combustion tube.

After sampling, the gas sample

tube was removed and the glass tube (see 12, Fig. IV) was placed at
the end of the combustion tube and the soot produced during the
combustion of 5 ml of oil was collected.

After a soot sample was

collected, additional gas samples were taken.
The entire procedure was then repeated using a sample of oil
containing the test additive.
conducted five times.

Runs with and without additive

1~1ere

The soot reduction was calculated and

compared with the increase of

co 2

concentration in the combustion

gases.
Observations about the shape of the flame and thermal yield
were compared and correlated with the production of

soot ~

It was

observed that an increase in thermal yield caused by the presence
of an additive was accompanied by a rise in furnace temperature,
so that the heat input had to be adjusted in order to keep the
tempera tu re at 800 0 C.

Figure IV.

~)

==

t

Combustion testing system.

1.

Syringe pump
2. 10 ml syringe
3. Rotameter
4. Rubber stopper
5 .. Quartz tube ( 7/8"x24")
-6. Needle
7. Furnace

16b.- "
vacuum

0

16a_...

15c ...

15b •

15a ...

.- vacuum

15.
Glass tube
15a.
Filter
15b.
10. Cold trap
11. Sarrp le take off
15c.
12. Glass tube (l "x2")
13. Glass tube (16 rrmxlOO mm) 16.
16a.
14. Copper tube (!2" x12")
16b.
8.
9.

11

•

~9

~8

7

Plastic funnel
Rubber stopper
Stainless steel gauze
(200 mesh)
Filter paper
Filter paper support
Rubber stopper
Filter paper

~air

1

--'
U)

RESULTS
Additive Evaluation
The evaluation of several commercial fuel additives perfonned
in the combustion of diesel fuel is summarized in Table 1.
be seen from the

data~

As can

the effect of chromium and manganese

naphthenate in the reduction of soot was the greatest.

The data

for the metal-polymer additive evaluation are shown in Table .2.
The baselines for the evaluations are shown in Table 3.

Evaluation

of metal-additives in a heavier oil (No. 4 fuel oil) could not be
achieved due to the formation of coke on the tip of the injector
needle.

The results from Table 2 indicate that cobalt and chromium-

polymer additives are more active than the corresponding naphthenate.
Even the Mn-polymer additive is mote active if the very low
concentration of the metal is taken into consideration.
Tab 1e 1
Evaluation of corrmercial soot suppressant additives in the combustion
of diesel fuel.
Additive
Co-Naphthenate
Cr-Naphthenate
Mn-Naphthenate
Fe-Naphthenate
Ni -Oc tona te

Metal cone.
(ppm)
600
600
600
600
600

Additive cone.
%-weight)
1.0
0.75
1.0
1.0

0.6

Soot reductiona
(%-weight)
32
68
47
35
33

aSoot is defined as total mass of particles collected from the
combustion process.
20

284
114

2

2

Co-Polymer

Mn-Polymer

Cr-Polymer

Diesel

Diesel

Diesel

No. 1 Fue 1 oil

No. 1 Fue 1 oil

13
3

160
284
284

0.473
2

Co-Naphthenate

Co-polymer

50

16

62

48

Soot reduction
(%-weight)

2

284

Co-Naphthenate

Diesel
0.473

Additive

Fue 1 type

Additive cone. Metal cone.
(%-weight)
(ppm)

Evaluation of metal-polymer soot suppressant additives.

Table 2

-3

-3

41

24

37

40

(%)

co2 increase

....,,

N

22

Table 3
Baseline data for metal-polymer additive evaluation.
Soot production
( gm/5 ml of oil)

Fuel type

co 2

cone.

Diesel a

0.8361

6. 1

No. 1 Fuel oil b

0.4829

11. 7

aAir/fuel 3.0:0.13

by

weight

bAir/fuel 2.4:0.13

by

weight

Product characterization
Table 4 shows the concentration of metal in the catalysts
synthesized in this study, and tre theoretical metal concentration
considering different amounts of ligands in the metal.
Table 4
Metal concentrations in polymeric additives.
Theo re ti ca 1 Meta 1 cone . b.
M-(R) 2 M-(R) 3 M-(R) 4
M-R
6.09 3 .14

Co-Polymer

1.42

Conversion a
(%)
45C

Cr-Polymer

0.85

45d

5.41

2.78

l.87

Mn-Polymer

0.57

3Be

5.70

2.93

1. 97

Catalyst

Metal. cone.
(%-weight)

1.49

a100% yield
bBased on a carboxylate molecular weight of 909 and 100% conversion.
cBased on . Co(R) 2
d
Based on Cr-(R) 3
eBased on Mn-(R) 4
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In order to explain the relatively low conversion of the polymer
to the metal salt, the number of acid equivalents in the acid form
of the polymer was determined.

This analysis indicated that 30%

of the polymer was converted to the acid.

An infrared spectrum of

each product was obtained and two carbonyl group bands (at about
1700 and 1550 cm

-1

) were observed.

A typical spectrum for the

Cr-polymer catalyst is shown in Fig. V.

Both carbonyl bands were

observed even when the oxidation of the polymer was performed using
twice the concentration of crown ether and oxidizing agent with the
reaction being carried out for one week.
The low concentration of the acid and metal in the products as
well as the presence of a carbonyl band at 1700 cm-l indicates that
a significant amount of ketone might be present in the product.

A

ketone would result from the oxidation of polybutene molecules
with vinylidene structure according to the reaction:

Figures VI and VII show infrared spectra for both tl1e Amoco

ra 1.~

material used in this study, and a Chevron polybutene with similar
average molecular weights.

Figure VIII shows a magnified section of

the polymer spectras where the band corresponding to the vinylidene
absorption (at 890 cm- 1 ) is clearly observed.

The presence of this

band is more evident in Fig. IX which corresponds to the IR of polybutene with lower molecular weight.
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DISCUSSION
Combustion System
Several factors have been found that affect success and
reproducibility in the use of the combustion efficiency testing
system developed in this study.
1.

These factors are:

Particulates in the fuel.
study.

This was the major problem in the

Even when the diesel seemed to be clean, some residue

was found to be present.

The impurities in the fuel caused

obstruction in the injection needle, irregular flame, nonreproducible soot generation during the catalysts evaluation,
and the subsequent discontinuation of the oil flow.

This

problem was solved by centrifuging the fuel before use.
2.

Excess soot on the filters.

This was a second major problem.

It was solved in part by using a 200 mesh stainless steel
screen before the filter which trapped a large portion of
the particles.

However, even with this system, when large

amounts of soot were collected, large pressure drops developed
which resulted in subsequent air leaks through the filter.
For this reason the gas samples for analysis were taken
I

from an upstream port during the metal-polymer additive
evaluation.
3.

Operational smoothness of the syringe pump.

Too much friction

between the plunger and the walls of the syringe, and the

29
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presence of particles in the piston caused irregularity
in the oil flow at low flow rates.

This problem was

solved by using a smoother-walled syringe, relatively
high flow rates, and removal of particles from the fuel.
4.

Oil flow.

At low oil flow rates, combustion residues

sometimes fonned on the tip of the injection needle.
However, the accumulation of residue was not observed
at high oil flow rates.

Therefore, higher oil flow

rates were used on all subsequent runs.
5.

Size of injection needle.

Better results were obtained

when using a 26 gage needle as compared to the 24 and 28
gage needles used in some of the preliminary studies.
With all of the improvements described above incorporated into
the system, we were able to obtain a baseline deviation of about 6%
from the mean for diesel fuel, and 16% for No. 1 fuel oil.
45
deviation is close to that calculated from an EPA study

This

dealing with the evaluation of combustion additives in distillate
oil.

Even when using a burner firing fuel at 80 lb/hr, the EPA

study shows a deviation from the mean of about 10%.

In the EPA

study a baseline run was perfonned before each catalytic run,
consequently they only did one run for each catalyst.

They assumed

I

that the same reproducibility in the baseline should be present in
the catalytic run.

However, we observed that the combustion process

and soot production is sometimes less reproducible when a catalyst
is present.
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The lower baseline reproducibility during the burning of No. 1
fuel oil in comparison with diesel fuel is attributed to the lower
excess air used in the fuel oil combustion test.
Catalyst Syntheses
As described in the earlier synthesis procedure the KMno

4
polymer molar ratio used in the oxidation of the polymer was (5.33:1)
and complete decoloration of permanganate was observed after 72 hours.
A larger amount of oxidizing agent was used compared to that used by
46
Sam and Simmons
(2.67:1) because the yield of permanganate used was
attributed to several factors:

decomposition of the crown ether, the

molecular weight distribution of the polymer, and the presence of
some double bonds other than the terminal unsaturation in the chain. 43
Aqueous solutions of KMn0 4 were used instead of the solid state used
by Sam and Simmons. This was because the available stirring was not
sufficient to avoid coating of the
in the reaction.

un~eacted K~no

4 by the Mno 2 formed

In addition to di eye 1ohexane 18-crown-6, attempts to

use 18-crown-6 ethers as phase transfer catalysts v-1ere performed, but
they were unsuccessful at the conditi·ons used in this study.
Concentrated HCl was used after the oxidation because some Mn0 2
remained in suspension in the organic phase.

Filtration was not

perfonned because it was difficult to carry out.
I

The reaction of the acid in benzene with KOH in ethanol and the
reaction of the k-polymer salt with the transition metal salt

were

carried out as was discussed in the earlier procedure because an
intractable gel/emulsion mixture occurred when the rretallic products
were mixed with water and an organic solvent.

Under these conditions,
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reactions and separations were difficult and sometimes impossible
to carry out.
Because rretal-polymer products swell in the presence of water,
drying was also difficult to accomplish.

Therefore, reduced pressure

and agitation for long periods of time (depending on the amount of
water present) was required.

Diffusion of the unreacted metal-salt

through the swelled polymer during the metal-polymer complexation
was also observed to be quite slow.
The above properties were the reasons why the metal-polymer
complexation was carried out by reacting the dried K-polymer with
the metal salt diluted in just a few milliliters of water.

This

procedure allowed the incorporation of all reagents into the polymer.
Drying was also easier because less water was used.
The Mn-polymer catalyst was synthesized by direct reaction of
the acid with Mno 2 as an alternative method to avoid all of the above
problems, but the conversion was poor when the re·a ction was carried
. out at loo 0 c for 72 hours.

However, when the reaction was carried

out at 150°c the conversion was 38%.
Hexane was used as a solvent to reduce the viscosity of the
mixtures during the separation procedures.

Low viscosity of the

mixture allowed easier filtration
of products.
I
of hexane was also useful.

The high volatility

Hexane removal from the polymer by

evaporation was easier in comparison with other organic solvents.
Product Characterization
The neutralization equivalent of the acid was detennined by the
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method described earlier because the acid is insoluble in both
ethanol and isopropyl alcohol and the neutralization reaction of
the polymer at room temperature is quite slow.

The method is not

100% quantitative because the color shift by the indicator at the
stoichiometric point was difficult to observe; however, it indicated
to us

that the amount of acid in the sample was not as high as we

expected.

This finding was the key in the subsequent elucidation

of the raw material structure and explanation of the low conversion
of the polymer to the metal-complex.
Figures V, VI, and VII prove that Amoco and Chevron polybutenes
have almost the same structure-composition. However, the Amoco
company reports 43 that its product has a structure that "predominantly"
corresponds to structure I I with a "mi nor amount" of structure I
being present;

CHj

CH~
3

I

3
CH
I

JH=C-CH3

I
I
I
CH-C
CH-C
3
I
2
I
'"'
CH 3
CH 3
II

whereas the Chevron company reports 44 that the double bond is in
"either the alpha or beta position" and that structure I is shown
as "typical".

It can be assumed from the Chevron publication that
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the concentration of both structur€s in its product is about 50%.
The metal concentration in our catalysts and the intensity of the
carbonyl group band at 1700 cm-l in comparison with that of the
complexed fonn proves that the Chevron proposal is more realistic.
Metal-Polymer Catalyst
The earlier results indicate that high molecular weight
carboxylates have positive effects on the catalytic action of
transition metals in reducing soot formation when diesel is used
as the fuel, but no effect is observed with distillate oil.

The

low effect of Mn-polymer additive might be attributed to the low
concentration of the metal.
The effectiveness of Mn- and Cr-naphthenate and Cr- and Copolymer is also evident in the increase of
during corrbustion.

co 2

concentration

An increase in thermal yield was also observed

because the temperature control had to be turned down when those
additives were tested.
The success of Co- and Cr-polymer catalysts is explained as
follows:

the soot formation and all products from incomplete

combustion are due to low oxygen concentration and/or low temperature
downstream of the flame.

Air

--~>

Fuel

Air

--->

A B
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In region A, the air concentration is large and the temperature
produced by the flame is also high,
very low.

When the unburned fuel

In this zone, soot formation is
reaches region B, it enters a

region of lower oxygen pressure and lower temperature than zone A.
Under these conditions, incomplete combustion and pyrolysis take
pl ace.
The same phenomenon occurs when an atomizing burner (as is
normally used in large scale burners) is used.

When the droD of

fuel begins to burn, it finds a very oxygen rich zone and the
subsequent combustion produces a very high temperature (region A).
When the unconsumed fuel drops reach zone B, they encounter low
oxygen concentrations and low temperatures with the same results
described above.

00

0
0

0

0

B

It is believed by some combustion catalyst specialists that
the success of certain metal-naphthenates as fuel additives in
soot reduction is due to the volatility of the naphthenate, because
the combustion takes pl ace

1
;

n the gas phase.

This theory comes

about because it is assumed that the naphthenate carries the metal
up from the liquid to the gas phase where its action is required.
But according to this proposal, the volatility of the naphthenates
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will produce a lack of additive in the liquid droplet downstream
of the flame, where the requirement for an additive is greater.

droplet·<i)~
\' -..

=-:::combustion zone

·n-~~Mhenate

~:o····...=:~droplet

.

···~

... ·.

additive

without
additive

We believe that the action of our metal-polymer additive is
similar to that of platinum in a catalytic combustor.

We propose

that the catalytic action takes place at the surface of the drop
in combustion.
,....combustion zone

,......·.. , /

droplet in

@·:
·::

combustion~...

"·.

p 01 yme

.~:·

.·'

r ....·. met al
'

The above scheme shows that the meta 1 concentration wi 11 be
higher downstream where we think its action is in greater demand
· because of the low oxygen concentration and low temperature.
The effectiveness of both Co-naphthenate and our catalyst
in No. 1 fuel oil agrees with other studies that have tried to
45 47
find an appropriate additive for distillate oil. ,
Most of
the studies agree that metal containing additives do not significantly
reduce soot from the combustion of distillate oil and in some cases
the additive increased the formation of soot.
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It is generally suggested that adjustments of the boiler are better
than the use of additives in distillate oil.

However, the low

activity of our catalyst in distillate oil could also be explained
by some observations obtained during the test of the Co-polyrrer
additive in distillate oil.

A little drop of fuel was observed

under the needle during the burning of the fuel.

When the drop

became bigger, it burned forming a very bright flame during a
couple of seconds.
needle

'

~flame

additive droplet

This phenomenon was not observed when diesel fuel was used.
It seems that when the volatility of the additive is too low in
comparison with that of the fuel, the additive separates from
the fuel in the tip of the needle due to the greater vapor pressure
of the fuel.

Table 5 shows some physical properties of diesel

and distillate oil fuel.
Table 5
Physical properties of No. l distillate fuel oil and diesel fuel.

Type of fuel

Density (g/ml)

Boiling point range (°Fl

Diesel fuel

0.8411

500 - 620

No. l fuel oil

0.8305

320 - 420

CONCLUSIONS AND RECOMMENDATIONS
System Combustion
From this study and the literature review we can conclude that
certain unknown and uncontrolled parameters can affect the
reproducibility of soot production during a "controlled" combustion
of a petroleum based fuel.

However, the system developed in this

study has proved to be reproducible enough to perform preliminary
evaluations of light fuel oil combustion catalysts, especially
when a large number of catalysts are tested.

Nevertheless, our

system is unable to evaluate additives in heavy fuel oil because
of the formation of coke on the fuel injection needle ,

The

effectiveness of the system might be improved by the incorporation
of a more refined air supply system, especially when low excess
air is used.
Catalyst Syntheses
Special treatments are required when high molecular weight
polymers like those used in this study are used

as raw materials

in synthesis, even when common and relatively easy reactions are
carried out.

The high molecular weight and viscosity of the raw

material and products were the main causes of their special
properties . .Direct complexation of the acid with the metal in the
or M O should be studied as an easier and therefore
x y
cheaper alternative to synthesize the metal-polymer additives.
fonn M (OH)

y
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Our results in the characterization of the raw material and
products indicate that significant amounts of ketone were present
in the catalysts.

The presence of ketones in the products is

attributed to terminal double bonds in the alpha position in the
raw material in greater amounts than reported by the supplier,
Amoco.

We conclude that the chemical composition of both Amoco

polybutene and Chevron polybutene are the same; therefore,
we are able to conclude that the correct composition of our raw
material is that reported by the Chevron Company.
As will be discussed later, .Amoco polybutene H-35 and H-50
might have the same catalytic properties as that used in this
study.

Because of their lower average molecular weight (660 and

750 respectively), the metal concentration will be higher making
the product more economical.

Easier synthesis might also be

expected.
Metal-Polymer Catalyst
The effectiveness of a metal-containing fuel additive is
affected by the properties of the species to which the metal is
bonded.

Transition metals bonded to high mol'ecular weight

carboxylates which were synthesized from polybutene have better
soot suppressant properties than those bonded to naphthenates
when diesel is used as the fuel.

This effect drops dramatically

when a lighter distillate oil is used.

We conclude that, under

the conditions of this study, our catalyst is only effective
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as an additive for fuels with volatilities equal to or higher than
diesel.

The effect of our catalyst in No. 1 fuel oil might be

demonstrated using an atomizing gun as the injector.
Two important studies should be carried out to support our
proposal.

Because we believe that the volatility of the

naphthenate is a drawback in the effectiveness of the metalnaphthenate additive, a study using a heavy fuel oil should give
larger differences between the effect of metal-naphthenates and
our catalysts.

Alternately, because we believe that the action of

our catalyst is more significant downstream of the flame where
the oxygen concentration is low, a study at very low excess air
should give a greater difference between the effect of metalnaphthenate and our catalysts.
Because our mechanism is based on pseudoheterogeneous catalytic
reactions and the lower volatility of the catalyst in comparison
with that of the fuel, Amoco polybutene H-35 and H-50 should be
studied as raw materials (the average molecular weights are 660
and 750 respectively).

Their properties are not so different

from those of H-100, the raw material used in this study.

Amoco

polybutene H-25 and H-35 might even work with No. 1 fuel oil.
Of course, more studies must be done to prove our soot reduction

mechanism by metallic additives.

However, this study proves that

under the conditions of our catalyst evaluation, high molecular
weight polybutene is more effective than naphthenatic acid as a
carrier of metals for combustion improvement and soot reduction.
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Thi s f i n di n g a l s o proves th at the hi g h vol at il i t y of the me ta l
ligand should not be used as a criterion of its effectiveness.
We do not reject the possibility that the action of the
metal in reducing soot occurs in the gas phase (fly ash) of the
flame.

However, if such a mechanism is correct, the significance

of the high molecular weight in our catalysts should be in that
its low volatility will prevent a large portion of the metal from
passing to the gas phase upstream of the flame.

In such a

mechanism, the metal \-Jill be kept in the droplet until it is
"vapor:i zed" downstream of the combustion where we are convi need
its action is required.
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